To identify the protein encoded by the L7 region of bovine adenovirus-3 (BAdV-3), specific antisera were raised by immunizing rabbits with bacterial fusion proteins encoding the N-terminus or C-terminus of the BAdV-3 fiber protein. Immunoprecipitation and Western blot analysis confirmed that the fiber is expressed as a 102 kDa glycoprotein, which is localized to the nucleus of infected cells. To identify the nuclear localization signals (NLS), BAdV-3 fiber deletion mutants and GFP/β-galactosidase fusion proteins were expressed in transfected cells, and subcellular localization was visualized by immunofluorescence microscopy. Analysis of deletion mutants localized the NLS to the N-terminal 41 amino acids. Analysis of the N-terminal 41 amino acids identified a cluster of basic residues between amino acid 14 and 20. Substitution of the basic residues ( 16 KAKR 19 ) with acidic residues ( 16 EAEE 19 ) resulted in the accumulation of fiber in the cytoplasm. However, 16 KAKR 19 or 12 VYPYKAKRPNI 22 were not sufficient for efficient transport of a cytoplasmic protein GFP/β-galactosidase to the nucleus.
Introduction
The adenovirus (AdV) fiber is a structural protein, which forms antenna-like projections extending from the vertices of icosahedral virus capsid [3] . All known mammalian AdVs have one fiber per vertex, noncovalently attached to a penton base protein [21] . However, avian AdVs have two fibers per vertex [6] . The AdV The restriction endonuclease sites in pBF2, YC7, YCP11, QW74 and QW75 are underlined. The sequence encoding mutant NLS (NLSoligo 1), putative NLS (NLSoligo 3; NLSoligo 5) is underlined. The substituted sequences in NLSoligo 1 are shown in lower case BL21 (DE3) (Novagen) was transformed with plasmid pGB3FdC460 or pGB3FK. The glutathione S-transferase (GST)-fiber fusion protein was induced by the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and purified by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE). New Zealand white rabbits were subcutaneously injected with gel purified fusion protein in complete Freund's adjuvant followed by two immunizations in Freund's incomplete adjuvant at 4-week intervals.
Construction of plasmid pBAV3F
Initially, a 1.4-kb HpaI-EcoRI fragment containing the N-terminal half of the fiber protein was isolated from plasmid p6-1 [18] , repaired by T4 DNA polymerase and ligated to SmaIdigested pSP64polyA creating plasmid pSPHE148. Similarly, a 1.5-kb BamHI-XhoI fragment containing the C-terminal half of the fiber protein was isolated from plasmid P6-1 [18] and ligated to BamHI -XhoI-digested plasmid pRSETC (Invitrogen) to create plasmid pRsetBX159. The entire coding sequence of BAdV-3 fiber was assembled by ligating a 1.3-kb BamHI fragment isolated from plasmid pSPHE148 to BamHI-digested plasmid pRsetBX159 creating plasmid pRB3F. A 2.8 kb BamHI-XhoI fragment isolated from plasmid pRB3F was ligated to BamHI -XhoI-digested plasmid pcDNA3 to create plasmid pBAV3F.
Construction of plasmids encoding mutated BAdV-3 fiber protein
A 1.4-kb DNA fragment was amplified by PCR using primers pBF1 and pBF2 (Table 1) , and plasmid pBAV3F DNA as a template. An EcoRI site (underlined) and TAG stop codon (bold) were incorporated into the antisense primer pBF2. The PCR product was digested with KpnI-EcoRI and ligated to KpnI-EcoRI-digested plasmid pBAV3F creating plasmid pBAV3FdC491. Similarly, a 0.8-kb DNA fragment was amplified by PCR using primers YC7 and YC8 (Table 1) , and plasmid pBAV3F DNA as a template. A KpnI site (underlined) and an ATG start codon (bold) were incorporated into the sense primerYC7. The PCR product was digested with KpnI-BspEI and inserted into KpnI-BspEI-digested pBAV3F to create pBAV-3FdN42.
The plasmid pBAV-3Fd42-109 was made by deletion of a 0.2-kb NheI fragment from pBAV3F and in-frame re-ligation of the large NheI fragment. To construct plasmid pBAV3Fd42-478, a 0.3-kb DNA fragment was amplified by PCR using primers (YCP11 andYCP12) (Table 1) , and plasmid pBAV-3Fd42-109 DNA as a template. The primer YCP11 contains a NheI site (underlined). The PCR product was digested with NheI-EcoNI and ligated to NheIEcoNI-digested pBAV3Fd42-109 creating plasmid pBAV-3Fd42-478. A 1.4-kb KpnI-EcoRI fragment was isolated from plasmid pBAV-3FdC491 and ligated to KpnI-EcoRI-digested plasmid pUC19 creating plasmid pUKE150, which was used as a template to introduce point mutations into the putative NLS of the BAdV-3 fiber. Two synthetic overlapping oligonucleotides NLSoligo1 and NLSoligo 2 (Table 1) designed to introduce point mutations into the BAdV-3 fiber coding sequence (sequence encoding K-16-K-18-R-19 is underlined with the substituted sequences in lower case letters) were annealed and the single-stranded ends were filled in with the Klenow fragment of E. coli DNA polymerase I. The duplex DNA fragment was digested with KpnI -BstXI and ligated to KpnI-BstXIdigested pUKE150 creating plasmid pUEAEE. A 1.0-kb KpnI-SplI fragment was isolated from plasmid pUEAEE and ligated to KpnI-SplI-digested plasmid pBAV3F creating plasmid pK16E-KR18EE.
Construction of plasmids encoding GFP-β-galactosidase -fiber fusion proteins
A 1.082 kb EcoRI-SnaBI DNA fragment isolated from plasmid pBAV-301.gfp [16] was treated with T4 DNA polymerase and ligated to EcoRV-digested plasmid pcDNA3 creating plasmid pGFP containing the green fluorescent protein (GFP) coding region downstream of the human cytomegalovirus (HCMV) immediate early (IE) promoter. A 3.4-kb NotI fragment containing the coding sequence for β-galactosidase was isolated from plasmid pCMVβ (Clontech) and ligated to NotI-digested plasmid pGFP to create plasmid pCN347. The coding regions of GFP and β-galactosidase were fused in-frame by PCR. Product 1 was amplified by PCR using primers QW73 and QW74 (Table 1) , and pGFP DNA as a template. Product 2 was amplified by PCR using primers QW75 and QW76 (Table 1) , and plasmid pCMVβ DNA as template. An EcoRI site was incorporated into primers QW74 and QW75 (underlined). The PCR products 1 and 2 were digested with NheI-EcoRI and EcoRI-ClaI, respectively, and ligated to NheI-ClaI-digested plasmid pCN347 to create plasmid pGFP/β-gal.
Synthetic oligonucleotides NLSoligo 3 and NLSoligo 4 ( 22 (underlined) were annealed and ligated to SacII-NheI-digested plasmid pGFP/(βgal creating plasmid pNLS2GFP/ β-gal.
Construction of plasmid pFBAV302EAEE
To generate a full-length pFBAV302EAEE infectious clone containing point mutations in the putative NLS of the BAdV-3 fiber protein, a 3.7-kb KpnI-EcoRI fragment isolated from plasmid pBAV301 [17] was ligated to the KpnI -EcoRI-digested plasmid pUC19 to create plasmid pUKE375. A 1 kb BamHI (Klenow treated)-RsrII DNA fragment was isolated from plasmid pK16E-KR18EE and ligated to AgeI (Klenow treated) and RsrII-digested plasmid pUKE375 creating plasmid pUKEAEE. A 2.9 kb KpnI -XbaI DNA fragment isolated from plasmid pUKEAEE was ligated to the KpnI -XbaI-digested plasmid pBAV301 creating plasmid pBAV-301EAEE. A 7.650 kb EcoRV-SwaI fragment containing the fiber with a modified NLS was isolated from pBAV-301EAEE and recombined with SrfI-RsrII-digested pFBAV302 [24] DNA in E. coli BJ5183 [2] , creating plasmid pFBAV302EAEE.
Construction of recombinant BAdV-3
VIDO R2 cell monolayers in 60 mm dishes were transfected with 5 to 10 µg of PacI-digested pFBAV302EAEE plasmid DNA using Lipofectin (GIBCO/BRL). After incubation at 37 • C, the transfected cells showing cytopathic effects were collected and freeze-thawed two times, and the recombinant virus was plaque-purified and propagated on MDBK cells.
Virus-neutralization assay
Rabbit antiserum was heat-inactivated at 56 • C for 30 min. Aliquots of diluted serum (in MEM) were incubated with 100 plaque forming units (pfu) of wild-type BAdV-3 for two hours at room temperature in a total volume of 50 µl. A total of 100 µl of media was added to the antiserum/virus mixture and incubated with MDBK cells in 48-well tissue culture plates. After one hour of adsorption, the mixture was removed. The cells were washed twice with PBS and overlaid with MEM containing 2% FBS and 0.7% low melting temperature agarose. Viral plaques were counted 14 days later. The assay was performed in duplicate. The titers are expressed as reciprocals of the highest antibody dilution that caused 50% reduction in the number of plaques relative to the control cells that were infected with untreated virus.
Virus growth
MDBK cells were infected with mutant or wild-type BAdV-3 at an MOI of 5. The infected cells harvested at the indicated times post-infection were lysed by three rounds of freezing-thawing and virus titers were determined in MDBK cells in a plaque assay [16] .
Immunoflurescence COS-7 cells were seeded overnight at 10 6 cells per well in a six-well tissue culture plate containing microscope coverslips. The cells were transfected with 2 µg of purified plasmid DNA by Lipofectamine Reagent (GIBCO-BRL). The DNA-Lipofectamine mixture was removed after 5 h incubation at 37 • C, and the cells were incubated for an additional 72 h. The cells were fixed in methanol at −20 • C for 20 min and blocked with 2% normal goat serum for 15 min at room temperature or overnight at 4 • C. Similarly, the MDBK cells were infected with wild-type or mutant BAdV-3 at different MOIs. At different times post-infection, the infected cells were fixed in methanol at −20 • C for 20 min and blocked with 2% normal goat serum for 15 min at room temperature. The subcellular location of fiber proteins was determined by staining with appropriate rabbit anti-BAdV-3 fiber polyclonal antibodies for one hour followed by incubation with the Fab fragment of goat anti-rabbit IgG (H + L) conjugated with fluorescein isothiocyanate (FITC; Jackson Immuno Research). Finally, the samples were viewed with a fluorescence microscope and representative photographs were taken with Tmax 100 film (Kodak).
Western blotting
MDBK cells were infected with wild-type BAdV-3 at an MOI of 5. At indicated times postinfection, the cells were collected and analysed by Western blot analysis as described [16] .
Immunoprecipitation
Immunoprecipitation was carried out as previously described [16] . Briefly, MDBK cells grown in six-well plates were infected with the wild-type BAdV-3 at an MOI of 10. The cells were preincubated for two hours in glucose-free RPMI1640 medium before labeling with 100 µCi of [ 3 H]glucosamine for 12 hours, or preincubated for two hours in MEM free of methionine and cysteine before labeling with 50 µCi of [ 35 S] methionine for four hours. Proteins were immunoprecipitated from cells lysed with modified RIPA and analysed by SDS-PAGE as described earlier [24] .
Results

In-vivo expression of BAdV-3 fiber
In order to identify and characterize protein encoded by the L7 region of BAdV-3, we made two anti-fiber sera [99-48 against the N-(amino acid 1-459) and 99-44 against the C-(amino acid 776-976) terminus] by immunizing rabbits with 250 µg of purified individual GST-protein fusions. Sera collected after the final boost were analysed by radioimmunoprecipitation assay. The 99-44 antisera detected two proteins of 102 kDa and 62 kDa in BAdV-3 infected cells (Fig. 1A, lane 3) but not in mock infected cells (Fig. 1A, lane 1) . Similarly, 99-48 antisera also detected two proteins of 102 kDa and 62 kDa in BAdV-3 infected cells (Fig. 1A , lane 4) but not in mock infected cells (Fig. 1A, lane 2) .
To determine the time course of fiber expression and to confirm whether two proteins observed in the immunoprecipitation studies represented post-translationally modified forms of fiber or cellular/viral proteins that coimmunoprecipitate with fiber protein, we carried out a Western blot assay. As seen in Fig. 1B , 99-44 (Fig. 1B, lane 6 ) or 99-48 (Fig. 1B, lane 4) antisera detected a protein of 102 kDa in BAdV-3 infected cells but not in mock (Fig. 1B, lanes 3,5) infected cells. Similarly, no such protein could be detected in BAdV-3 infected cells using normal rabbit serum (Fig. 1B, lanes 1,2) . The 102 kDa protein was similar to the 102 kDa protein detected by immunoprecipitation. Moreover, the 102 kDa protein could be detected at 24 h post-infection and continued to be produced up to 96 h post-infection (Fig. 1C) . The continued presence of the fiber protein late in the infection cycle can be attributed to the stability of the protein, and/or the continued synthesis of new protein throughout the virus replication cycle.
To determine whether the BAdV-3 fiber protein was glycosylated, [ 3 H]glucosamine -labeled proteins from lysates of BAdV-3 infected cell extracts were immunoprecipitated with antisera and separated by SDS-PAGE. As seen in Fig. 1D , 99-44 antisera detected two proteins of 102 kDa and 62 kDa in BAdV-3 infected To determine the intracellular distribution of fiber protein, MDBK cells were infected with wild-type BAdV-3 and examined by indirect immunofluorescence staining using 99-44 antisera. At 21 h post-infection, fiber protein was localized predominantly in the nucleus of infected cells (Fig. 1E) .
Neutralization of BAdV-3
The knob domain of Ad fiber protein is responsible for the specific high-affinity binding of virions to the host cell receptors and thus represents one of the major targets of neutralizing antibodies [9] . As fiber protein is a target of neutralizing antibodies against adenoviruses [5] , we determined whether different antisera raised against the BAdV-3 fiber could neutralize BAdV-3 infectivity in vitro. Duplicate aliquots containing 100 PFU of wild-type BAdV-3 were incubated at room temperature for two hours with serial two-fold dilutions of different polyclonal antibodies. MDBK cells were then infected with a pre-incubated mixture of BAdV-3 and antisera and observed for 14 days for the development of viral plaques. The wild-type BAdV-3 was neutralized by 99-44 (1:800), but not by either 99-48 or normal rabbit serum, even at the lowest dilution of 1:50. These results suggested that 99-44 antiserum raised against the knob domain of BAdV-3 fiber was neutralized BAdV-3.
Identification of NLS(s) in fiber
To determine whether fiber protein is transported to nucleus in the absence of other viral proteins, we used indirect immunofluorescence to determine distribution of fiber protein in COS7 cells transfected with the plasmid pBAV3F ( Fig. 2A) , carrying the gene encoding wild-type BAdV-3 fiber. Like BAdV-3 infected cells (Fig. 1E) , fiber protein was predominantly localized in the nucleus of transfected cells (Fig. 3A) . These results suggested that the transport of BAdV-3 fiber protein to the nucleus is independent of other viral proteins and can be investigated using the transient expression of fiber protein in transfected cells.
To locate the nuclear localization signals, a panel of plasmids encoding mutant fiber proteins was constructed (Fig. 2A) . The distribution of mutant fiber proteins in plasmid-transfected COS-7 cells was examined by immunofluorescence staining using fiber specific sera. The deletion of amino acids 491-976 of BAdV-3 fiber protein did not affect its nuclear localization (Fig. 3B) . However, compared to the full length fiber (Fig. 3A) , the truncated protein showed granular distribution within the nucleus (Fig. 3B) . Similarly, mutant fiber protein lacking amino acids 42-109 (Fig. 3C) or amino acids 42-478 (Fig. 3D ) also localized to the nucleus. However, compared to the full length (Fig. 3A) , the mutant containing a deletion between 42-478 showed granular distribution within the nucleus (Fig. 3D) . In contrast, mutant fiber protein with the deletion of amino acids 1-42, localized predominantly in the cytoplasm (Fig. 3E) . Taken together, these results suggested that the N-terminal 41 amino acids may contain the NLS for nuclear translocation of BAdV-3 fiber protein.
Analysis of the N-terminal 41 amino acid sequence of BAdV-3 fiber protein did not reveal stretches of basic amino acid residues that resemble the classical Fig. 4 . Schematic representation of the strategy used for the construction of recombinant virus BAV302EAEE. Plasmid pFBAV302EAEE was generated by homologous recombination in E. coli between Srf I-digested pFBAV302 and an EcoRV -SwaI fragment containing mutant fiber. Recombinant BAV302EAEE was obtained following transfection of VIDO R2 cells with PacI-digested pFBAV302EAEE. Plasmid DNA is denoted by the thin line, BAdV-3 genomic DNA by the hollow box and inverted terminal repeats by the black box. Specific amino acid substitutions in the mutated BAdV-3 fiber are shown in bold face. The plasmid maps are not drawn to the scale NLSs [4] . However, one cluster of basic amino acid residues was found between residues 14 to 20 of the BAdV-3 fiber protein. The cluster of basic residues ( 14 PYKAKRP 20 ) starts with proline followed by a basic segment where three out of six residues are lysines/arginines. To determine whether these basic residues play a role in localizing the fiber protein to the nucleus, we simultaneously substituted the three basic residues (KKR) with three glutamic acid residues (EEE) (Fig. 2A) . As shown in Fig. 3F , the mutant protein encoded by plasmid pK16E-KR18EE was detected predominantly in the cytoplasm, suggesting that these basic residues ( 16 K 18 K 19 R) are essential elements of the NLS of BAdV-3 fiber protein.
Next, we evaluated whether these basic residues could direct the import of a heterologous cytoplasmic protein into the nucleus. A chimeric GFP/β-gal protein was produced by fusing the GFP to the N-terminus of β-galactosidase (β-gal) ( Fig. 2B) . As expected, GFP localized to both the cytoplasm and nucleus (Fig. 3G) . However, fusion of GFP with β-gal resulted in localization of GFP predominantly in the cytoplasm (Fig. 3H) . When the basic sequence ( 16 KAKR 19 ) was fused to the chimeric GFP/β-gal protein, the majority of transfected cells showed primarily cytoplasmic staining with few cells showing both nuclear and cytoplasmic staining (Fig. 3I) . Moreover, the addition of adjacent residues to the 16 KAKR 19 sequence ( 12 VYPYKAKRPNI 22 ) had little impact on the predominantly cytoplasmic distribution of GFP/β-gal fusion protein (Fig. 3J) .
Construction of BAV302EAEE virus
To determine if point mutations in the NLS also affected the nuclear transportation of the fiber protein during viral infection, we constructed a full length plasmid, pF-BAV302EAEE, in which the three basic residues 16 K 18 K 19 R in the putative NLS of wild-type BAdV-3 fiber were replaced with three glutamic acid residues (EEE) (Fig. 4) . The PacI-digested pFBAV302EAEE plasmid DNA was transfected into VIDO R2 cells. The transfected monolayers showing 50% cytopathic effects were collected and freeze-thawed and the recombinant virus, named BAV302EAEE (Fig. 4) was plaque-purified and propagated in MDBK cells. The identity of BAV302EAEE was confirmed by sequence analysis of virion DNA.
Nuclear transport of mutant fiber protein during viral infection
MDBK cells were infected with wild-type BAdV-3 or mutant BAV302EAEE and subcellular location of the fiber protein was studied by immunofluorescence staining (Fig. 5 ). When cells were infected with an MOI of 0.1 (Fig. 5A) , the mutant fiber protein could be detected predominantly in the cytoplasm of BAV302EAEE infected cells from 21 to 48 h post infection. Similarly, when cells were infected with an MOI of 5 ( Fig. 5B ), mutant fiber protein was primarily localized in the cytoplasm of infected cells at 21 h post-infection. However at 48 h post infection, the mutant fiber protein could be detected in the nucleus of BAdV-3 infected cells.
In contrast, irrespective of MOI (Fig. 5A, B) used, the wild-type BAdV-3 fiber protein was primarily localized in the nucleus from 21 h to 48 h post infection.
Growth kinetics of BAV302EAEE
To determine whether BAV302EAEE was defective for growth in MDBK cells, a single step growth experiment was performed. As seen in Fig. 6 , the virus yield of BAV302EAEE in MDBK cells was lower compared to that of BAdV-3.At 72 h post infection, BAdV-3 grew to a titer of 9.8 × 10 9 PFU/ml. In contrast, BAV302EAEE grew to a titer of to 6.8 × 10 6 PFU/ml. 
Discussion
Several studies have shown that fiber encoded by members of all adenovirus genera is one of the major capsid proteins involved in the initial attachment of virus to the cell surface receptor(s) [3] , intracellular trafficking and possibly virus maturation [8] . Although fiber is a structural component of all adenoviruses examined so far, the structure and the nature of cell surface receptors recognized by fiber differs amongst different adenoviruses suggesting that fiber is the major determinant of host cell tropism. The L7 mRNA of BAdV-3 has the potential to code for fiber protein of 976 amino acids in length. Antisera directed against the fiber protein immunoprecipitated two glycoproteins of 62 kDa and 102 kDa from BAdV-3 infected cells but not from mock infected cells. However, Western blot analysis suggested that fiber protein is expressed as a 102 kDa protein in BAdV-3 infected cells. Moreover, the 62 kDa protein is not a precursor and/or cleavage product of 102 kDa protein, but a co-immunoprecipitating protein (penton base protein; unpublished data). Like HAdV-2 [7] , the BAdV-3 fiber protein is detected predominantly in the nucleus and contains epitopes in the knob domain for the production of neutralizing antibodies against BAdV-3.
Proteins less than 40 kDa in size can diffuse passively into the cell nucleus through nuclear pore complexes [14] . Therefore, it is very unlikely that BAdV-3 fiber protein enters the nucleus by a simple diffusion mechanism due to its large molecular mass (102 kDa). Furthermore, if diffusion accounts for subcellular location of the fiber, one would expect the protein to be equally distributed throughout the cell rather than accumulating predominantly in the nucleus. Although the presence of a non-conventional motif can lead to nuclear import of a protein [15] , numerous studies have demonstrated that active import of large proteins to the nucleus requires a distinct amino acid sequence known as NLS [4] . The ability of BAdV-3 fiber to localize to the nucleus in the absence of other viral proteins indicated that the NLS(s) may be present within the protein.
Analysis of mutant BAdV-3 fiber proteins demonstrated that the NLS is located in the N-terminus 41 amino acids, which contain a cluster of basic residues, 14 PYKAKRP 20 . Substitution of the basic residues (KKR) with acidic residues (EEE) was sufficient to abolish translocation of fiber to the nucleus in transfected cells suggesting that KKR residues are essential for targeting of fiber to the nucleus. Surprisingly, 16 KAKR 19 or 12 VYPYKAKRPNI 22 motifs were not able to direct predominantly cytoplasmic GFP/β-galactosidase fusion protein efficiently to the nucleus. It is possible that other sequences may be required for efficient nuclear transport of fusion protein. Alternatively, it is possible that the capacity of the NLS of BAdV-3 fiber protein for nuclear translocation may depend on the protein to which it is linked or the context of the NLS within the fusion protein. For example, the NLS of GAL4, a yeast DNA-binding protein, functions efficiently when fused to normally cytoplasmic invertase, but not when fused to E. coli β-gal [13] . Moreover, an NLS inserted into several sites within the polypeptide chain of pyruvate kinase could not function in some locations, as its activity was masked [19] .
Analysis of the localization of mutant fiber in BAV302EAEE-infected cells suggested that NLS 16 KAKR 19 function in its natural context is required for highly efficient nuclear localization of fiber. However, although recombinant BAV302EAEE expressing mutant fiber protein was isolated, the virus yield was reduced by 3 logs compared to BAV302, suggesting that the sequence encoding NLS is required for optimum viral growth. Efficient HAdV-5 particle formation occurs in the absence of fiber, however the infectivity of such fiberless viruses is severely reduced [8] . Analysis by electron microscopy revealed no significant differences in the formation of virus particles in wild-type BAdV-3 or BAV302EAEE-infected cells. It is possible that the defective growth of BAV302EAEE results directly from the reduced level of nuclear localized fiber, which may affect the efficiency of the formation of infectious virus particles. Alternatively, the defective transport of fiber in BAV302EAEE-infected cells may alter other viral functions, which may in turn affect the efficiency of formation of infectious virus particles.
